Abstract. Pyropia yezoensis (P. yezoensis) is an important marine algae. Its high protein content serves as a good source of biologically active peptides. Potent inhibitory effects on the production of inflammatory mediators were observed in a bioactive peptide derived from P. yezoensis (peptide from P. yezoensis; PPY1), as demonstrated in lipopolysaccharide (LPS)-stimulated macrophages. The present study showed that peptide concentrations ranging from 250 to 1,000 ng/ml had no significant cytotoxicity in the cell viability assay when applied to the RAW 264.7 cells for 24 h. PPY1 completely inhibited LPS-stimulated nitric oxide (NO) release in a dose-dependent manner. Fluorescence intensity, corresponding to intracellular reactive oxygen species (ROS) produced by 10 ng/ml LPS-stimulated cells, significantly shifted, indicating that the peptide reduced the level of ROS. Furthermore, PPY1 exerted potent inhibitory activity to reduce the release of pro-inflammatory cytokines (inducible NO synthase, cyclooxygenase-2, interleukin-1β and tumor necrosis factor-α) in LPS-stimulated macrophages in a dose-dependent manner. These results also showed that the anti-inflammatory activity of PPY1 was associated with downregulation of extracellular signal-regulated kinase, protein 38, and c-jun NH 2 -terminal kinase phosphorylation in the mitogen-activated protein kinase pathways. In conclusion, PPY1 can have a significant role as an anti-inflammatory agent, with a potential for use in marine products.
Introduction
Pyropia yezoensis (P. yezoensis) is an important marine algae that is cultivated primarily in China, Japan and Korea (1) . It is exposed to adverse environmental conditions, such as high light intensity and oxygen concentration, which lead to the formation of free radicals and other strong oxidizing agents without causing serious photodynamic damage (2) (3) (4) . Consequently, P. yezoensis may be capable of generating the necessary compounds to protect itself from external factors, such as pollution, stress and ultraviolet (UV) radiation.
There are various biologically active phytochemicals in P. yezoensis, including carotenoids, fatty acids, polysaccharides, proteins, vitamins, tocopherol and phytocyanins (5, 6) , which have shown various medicinal effects (7, 8) . In particular, its high protein content makes P. yezoensis a potential source of bioactive peptides and an alternative to synthetic drugs, with antihypertensive (8), anti-inflammatory (9,10), antioxidant (11) (12) (13) , anticancer (14) and tissue-healing properties (15) (16) (17) .
Bioactive peptides usually contain 3-20 amino acid residues, and their activities are based on their amino acid composition and sequence (18) . These short amino acid chains are inactive within the sequence of the parent protein but can be released during gastrointestinal digestion, food processing or fermentation. Marine-derived bioactive peptides have been obtained through enzymatic hydrolysis and have been shown to drive numerous fundamental metabolic processes (19) (20) (21) .
Inflammation is an effective immune response to foreign stimuli and ultimately results in restoration of normal function. Macrophages are important mediators of the inflammatory response (22) . Activated macrophages produce pro-inflammatory enzymes, such as inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and various pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and interleukins (IL-1β and IL-6), which serve as essential mediators of the inflammatory response (23) . However, excessive and uncontrolled production of these inflammatory mediators and cytokines are associated with autoimmune disorders, neuropathological diseases, rheumatoid arthritis, microcirculatory dysfunction and tissue damage, leading to fatality. Suppression of these inflammatory mediators may be an effective therapeutic strategy to prevent diseases caused by inflammatory disorders (24) .
Mitogen-activated protein kinases (MAPKs) are a family of serine/threonine protein kinases that mediate fundamental biological processes and cellular responses to external stress signals. Increased activity of MAPK and their involvement in regulating the synthesis of inflammation mediators at the levels of transcription and translation makes them potential targets for anti-inflammatory therapeutics (25) . Modulation of the activity of the protein 38 (p38), extracellular signal-regulated kinase (ERK), and c-jun NH 2 -terminal kinase (JNK) signaling cascades on the MAPK pathways is regarded as an attractive strategy, as they are capable of reducing the synthesis of pro-inflammatory cytokines and their signaling.
The increasing incidence of inflammation has led to the search for proteins and peptides, and their anti-inflammatory effects have been identified in numerous studies. According to Zhu et al (26) , TC26RFa from the tree shrew of Tupaia belangeri chinensis may inhibit inflammatory factor secretion induced by lipopolysaccharides (LPS). The inhibition of lunasin on pro-inflammatory cytokines via suppressing the nuclear factor-κB pathway has also been suggested (22) . The egg white peptide was a promising novel therapeutic approach to treating the inflammatory bowel disease by reducing the local expression of pro-inflammatory cytokines (27) . However, limited research on the production of anti-inflammatory peptides from P. yezoensis has been reported. The present study investigated the anti-inflammatory properties of PPY1 in LPS-stimulated Raw 264.7 cells as an in vitro model and assessed the anti-inflammatory mechanism of PPY1 with the potential contribution to MAPK signaling.
Materials and methods
Preparation of peptide. The peptide PPY1, derived from P. yezoensis, was synthesized by Peptron Inc. (Daejeon, Korea) and the sequence was K-A-Q-A-D. Purification of PPY1 was performed using the Shimadzu Prominence HPLC apparatus and controlled using the software package Class-VP, 6.14 (Shimadzu Corp., Kyoto, Japan). A C18 column (Shiseido Capcell Pak; Shiseido, Tokyo, Japan) in 0.1% trifluoroacetic acid (TFA)/water and a gradient of 10-70% acetonitrile in 0.1% TFA, with a flow rate of 1 nm/min and UV detection at 220 nm, was used. The molecular weight of PPY1 was determined to be 532 Da ( Fig. 1 ) using mass spectrometer analysis (HP 1100 series LC/MSD; Agilent Technologies, Inc., Santa Clara, CA, USA).
Cell culture. The mouse macrophage cell line RAW 264.7 was obtained from the American Type Culture Collection (Rockville, MD, USA) and cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 50 µg/ml penicillin, 25 µg/ml amphotericin B, and 50 µg/ml streptomycin at 37˚C in a humidified atmosphere containing 5% CO 2 .
Cell proliferation assay. RAW 264.7 cell proliferation was evaluated using the Cytox™ cell viability assay kit (LPS solution, Daejeon, Korea). Cells were plated at a density of 1x10 4 cells/well in 96-well plates overnight and subsequently treated with PPY1 (250, 500 and 1,000 ng/ml) for 24 h. At the end of the treatment period, 10 µl of the cell viability assay solution was added to each well, and the plate was incubated for 30 min. The absorbance at 450 nm was measured using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The results are expressed as a percentage of the control.
Nitric oxide (NO) measurement. Accumulated nitrite (NO 2 -) in the culture media was measured following a modified version of the assay described by Green et al (28) RAW 264.7 cells were plated at a density of 1x10 4 cells/well on a 96-well plate and incubated overnight. Subsequently, cells were stimulated with LPS (10 ng/ml) and treated with PPY1 (250, 500 and 1,000 ng/ml). A volume of 100 µl of the cultured supernatant was plated in a 96-well plate, and 100 µl of Griess reagent was added. The plate was incubated for 10 min and the absorbance at 540 nm was measured using a microplate reader.
Determination of intracellular reactive oxygen species (ROS).
The intracellular ROS were detected using the ROS-sensitive fluorescent dye, CM-H2DCFDA. Cells were plated at 1x10 4 cells/well in 96-well plates overnight and were subsequently treated with PPY1 (250, 500 and 1,000 ng/ml) for 24 h. Cells were stimulated with LPS (10 ng/ml) during the last 18 h of treatment with peptides. At the end of the treatment, cells were washed with cold phosphate-buffered saline (PBS) and incubated with 10 µM CM-H2DCFDA at 37˚C for 30 min. Following incubation, the cells were washed with cold-PBS and the fluorescence intensities of the stained cells were determined in a FilterMax F5 microplate reader (Molecular Devices LLC, Sunnyvale, CA, USA) using excitation and emission wavelengths of 485 and 535 nm, respectively.
Western blot analysis. The whole cell extracts for immunoblotting iNOS, COX-2, TNF-α, IL-1β and MAPKs were isolated from LPS-stimulated RAW 264. . Following incubation and repeated washing, the expression of each protein was visualized using chemiluminescence substrate (Advansta, Menlo Park, CA, USA) and visualized using the GeneSys imaging system (SynGene Synoptics, Ltd., London, UK).
Statistical analysis. All the samples were analyzed in triplicate, and the results are expressed as means ± standard error of the mean. SPSS (SPCC Inc., Chicago, IL, USA) was used to perform the statistical analyses. P<0.05 was considered to indicate a statistically significant difference.
Results

Cell viability of RAW 264.7 macrophages cells.
To determine the effect of PPY1 on cell viability, PPY1 was tested in the Cyto X™ cell viability assay using RAW 264.7 macrophage cells. Proliferation and cytotoxic effects were examined to establish the appropriate concentration ranges of PPY1 for analysis in the following experiments (Fig. 2) . A range of concentrations (250-1,000 ng/ml) of PPY1 had no cytotoxic effects on RAW 264.7 cells and could be used in further studies. 4 cells/well in 96-well plates and treated with PPY1 (250, 500 and 1,000 ng/ml) for 24 h. (B) RAW 264.7 macrophages were stimulated with LPS (10 ng/ml) and treated with PPY1 (250, 500 and 1,000 ng/ml). The absorbance at 450 nm was measured using a microplate reader. The results are expressed as a percentage of the control. Data are presented as the mean ± standard error of the mean and P<0.05 was considered to indicate a statistically significant difference. LPS, lipopolysaccharide. NS, not significant.
PPY1 inhibits NO and ROS production in LPS-
increased NO production compared with the control group, whereas PPY1 co-treatment significantly (P<0.05) suppressed NO production in a dose-dependent manner (Fig. 3A) .
Treatment of cells with 1,000 ng/ml of PPY1 inhibited NO release by 66.67%. NO induction can be directly correlated with iNOS expression and other pro-inflammatory cytokines. The latter can be considered a molecular target for therapeutic compounds with anti-inflammatory action.
Whether PPY1 inhibited ROS generation in LPS-stimulated RAW 264.7 cells using CM-H2DCFDA was also examined, which has been widely used to study oxidative stress in macrophages (29) . The fluorescence intensity corresponding to ROS produced by 10 ng/ml LPS-stimulated cells significantly shifted compared with that of non-stimulated cells. The ROS level was increased in LPS-stimulated cells (Fig. 3B) . However, this increase was significantly reduced by 52.9% when the cells were treated with PPY1. These results suggested that PPY1 is effective in suppressing the production of ROS in macrophages.
Anti-inflammatory effects of PPY1. The expression of inflammatory enzymes iNOS and COX-2 was strongly induced in LPS-stimulated Raw 264.7 cells. The effects of PPY1 on iNOS and COX-2 expression were examined by western blot analysis. The overexpression in LPS-stimulated RAW 264.7 cells was suppressed by PPY1 in a dose-dependent manner at both levels. As the quantities of iNOS protein correlated with NO accumulation, these results suggest that PPY1 inhibited NO production by reducing iNOS protein expression. Cytokines are also produced during inflammation, and these are indicative of inflammatory progression. In response to LPS, TNF-α and IL-1β were significantly upregulated. Treatment with PPY1 considerably inhibited the LPS induction of TNF-α and IL-1β in a dose-dependent way (Fig. 4) .
Effects of PPY1 on MAPK signaling. As MAPK signaling has a critical role in the response of cells to various cytokines and stresses, the effects of PPY1 were investigated on the MAPK pathways. The phosphorylation of ERK, p38 and JNK was induced by LPS stimulation. Co-treatment of PPY1 significantly reduced the level of p-ERK1/2, p-JNK, and p-p38 levels in LPS-stimulated RAW 264.7 cells (Fig. 4) . The results show that inhibition of pro-inflammatory mediator expression by Figure 3 . Effect of the bioactive peptide from P. yezoensis (PPY1) on the level of (A) NO and (B) ROS in LPS-stimulated RAW 264.7 macrophages. (A) RAW 264.7 cells were seeded in a 96-well plate and stimulated with LPS (10 ng/ml) and treated with PPY1 (250, 500 and 1,000 ng/ml). The absorbance at 540 nm was measured following the addition of Griess reagent with cultured supernatant. (B) RAW 264.7 cells were seeded in 96-well plates and subsequently treated with PPY1 (250, 500 and 1,000 ng/ml) for 24 h. Cells were stimulated with LPS (10 ng/ml) during the last 18 h of treatment with PPY1. At the end of the treatment, cells were incubated with CM-H2DCFDA and the fluorescence intensities of the stained cells were determined in a FACScan XL flow cytometer using excitation and emission wavelengths of 485 and 535 nm. Data are presented as the mean ± standard error of the mean.
a-d P<0.05 was considered to indicate a statistically significant difference. NO, nitric oxide; ROS, reactive oxygen species; LPS, lipopolysaccharide. Figure 4 . Effect of the bioactive peptide from P. yezoensis (PPY1) on the level of (A) pro-inflammatory mediators and cytokines, and (B) MAPK signaling in LPS-stimulated RAW 264.7 macrophages. RAW 264.7 cells were stimulated with LPS (10 ng/ml) and treated with PPY1 (250, 500 and 1,000 ng/ml). The whole cell sample (35 µg) was loaded in SDS-PAGE and transferred to a PVDF membrane. The membrane was prepared and analyzed by immunoblotting using pro-inflammatory mediators (anti-iNOS, anti-COX-2, anti-TNF-α and anti-IL-1β) and MAPKs (anti-phospho ERK, anti-ERK, anti-phospho p38, anti-p38, anti-phospho JNK and anti-JNK). GAPDH was the loading control for immunoblotting. MAPK, mitogen-activated protein kinase; LPS, lipopolysaccharide; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; TNF-α, tumor necrosis factor-α; IL, interleukin; ERK, extracellular signal-regulated kinase; JNK, c-jun NH 2 -terminal kinase.
PPY1 in LPS-stimulated RAW 264.7 cells was associated with downregulation of ERK, p38, and JNK phosphorylation.
Discussion
There is increasing interest in the natural products obtained from marine resources, which are regarded as the last remaining reservoir for materials to meet future therapeutic requirements (30) . In the present study, the bioactive peptide (PPY1) from the marine algae, P. yezoensis, was investigated for the presence of a potent anti-inflammatory agent. P. yezoensis is the diverse group of photosynthetic marine organisms that has adapted to surviving in highly complex and competitive environments, including severe salinity levels, temperature variations, low light intensities, and low and high tides (31) . Therefore, it is assumed that specific peptides from P. yezoensis can serve in prominent biological activities, particularly those involving anti-inflammatory effects. Our previous studies demonstrated the effects of a peptide from P. yezoensis on cell proliferation and the associated signaling pathway in IEC-6 and MCF-7 cells (32-35). Our study was inconsistent with the general finding that short peptides with 2-10 amino acids exert more bioactive properties than their parent native proteins or large polypeptides. The present study developed PPY1 as a bioactive peptide. PPY1 was composed of five amino acids (K-A-Q-A-D) by enzymatic hydrolysis from P. yezoensisa. Anti-inflammatory activity, by suppression of inflammatory cytokines, was observed. The result was similar to the study reporting that the function of any peptide is mostly dependent on its specific amino acid composition (36) , and these amino acids containing His, Ala, and Lys have been shown to have strong activity against intracellular NO and ROS production (37) . The present results also suggest that PPY1 may contribute to preventing inflammation through inhibition of the expression of the inflammatory mediators, iNOS, COX-2, in LPS-stimulated RAW 264.7 macrophages without having any effect on cell viability. TNF-α and IL-1β have been described as important inflammatory cytokines, with upregulation linked to the pathogenesis of numerous infectious and inflammatory diseases, including cancer (38) . MAPKs regulate various inflammatory and immune responses, including LPS-induced expression of COX-2 and iNOS in macrophages. The inhibition of MAPK family members, ERK, p38 and JNK, blocks the production of pro-inflammatory cytokines, which resulted from the suppression of the phosphorylation of these MAPK members.
Therefore, the results of the present study have promising implications for biomedical research and warrant further in vivo studies. Future study should verify the role of these bioactive peptides in the prevention and treatment of other inflammatory-related disorders, such as degenerative diseases and aging.
